The effect of a short period of elevated temperature, or heat shock, on protein synthesis was investigated in 2-day-old seedlings of jack pine (Pinus hanksiana Lamb.), loblolly pine (P. taeda L.), lodgepole pine (I'. contorta Dougl.), black spruce (Picea mariana (Mill.) BSP), and white spruce (P. glauca (Moench) Voss). In all species, heat shock led to increased [35S]methionine incorporation into heat-shock proteins (hsp's) with molecular masses of 83 and 72 kDa. Heat shock also induced synthesis of several low molecular weight proteins that were absent from control seedlings. The low molecular weight hsp's produced by pine seedlings had molecular masses of 27, 24.6, 20.5 and 17.5 kDa, whereas those produced by spruce seedlings had molecular masses of 27.2, 19.8, 18.4, 17.2 and 16.0 kDa. All of the low molecular weight hsp's showed isoelectric variants. Heat shock led to increased [""S]methionine incorporation into a group of low molecular weight hsp's that were also present in control seedlings.
Introduction
Exposure to elevated temperature, or heat shock, induces or enhances the synthesis of a limited number of heat-shock proteins (hsp's) (Schlesinger et al. 1982 , Lindquist 1986 , Schiiffl et al. 1986 . Although the function of hsp's in plants is not clear, it is generally accepted that they play a role in thermal resistance (Lindquist and Craig 1988, Vierling 1991) . This interpretation is consistent with the observation that plants produce hsp's under the conditions of their natural habitat Key 1985, Hemandez and Vierling 1993) .
In both plants and animals, high molecular weight hsp's are expressed constitutively as heat-shock cognates under normal conditions, and in greater quantities as hsp's following heat shock. The high molecular weight hsp's fall into two main groups, an 80-110 kDa hsp family and a 68-73 kDa hsp family (Heikkila 1993) . Plants differ from other eukaryotes because most of their heat shock proteins are low molecular weight species with molecular masses between 15 and 36 kDa (DiDomenico et al. 1982 . Mansfield and Key (1987) investigated low molecular weight hsp's in a wide variety of angiosperm crop plants and found that some were synthesized only after a heat shock, whereas others were constitutive, but produced in greater amounts after heat shock. Both types of low molecular weight heat shock proteins have been noted in seedlings of the conifer Aruucaria araucana (Mol.) C. Koch (Goycoolea and Cardemil 1991) . This species also ap- GIFFORD AND TALEISNIK peared to synthesize the ubiquitous 70 kDa heat shock cognate as well as hsp70 following heat shock. Colombo et al. (1992) reported increased synthesis of a 70 kDa protein after heat shock in black spruce cuttings, and showed that the production of this protein was correlated with thermotolerance following exposure to non-damaging, elevated temperatures. Acquisition of thermal tolerance following hardening at sublethal temperatures was also demonstrated in white spruce and jack pine seedlings (Koppenaal et al. 1991) , but heat shock proteins were not investigated. In the present study, we investigated both high and low molecular weight hsp's of five conifer species.
Materials and methods
Seed and seed germination Jack pine (Pinus hanksiana Lamb.), lodgepole pine (P. contorta Dougl.), black spruce (Picea mariana (Mill.) BSP), and white spruce (I? glauca (Moench) Voss) seed was obtained from the Alberta Forest Service, Pine Ridge Forest Nursery, Smoky Lake, AB, Canada. Loblolly pine (I? taeda L.) seed was a gift from Westvaco, Summerville, SC, USA. Mature seeds were surface sterilized by a 1-min immersion at room temperature in a 1% sodium hypochlorite solution. Sterilized seeds were rinsed thoroughly with distilled water, transferred to autoclaved germination trays (Spencer Lemaire Ind., Edmonton, AB, Canada) containing two layers of moist Kimpak (Seedboro Equipment, Chicago, IL, USA), stratified for 30 days under moist conditions at 2 "C, and imbibed at 28 "C for up to 8 days. Seedlings were used 2 days after radicle protrusion.
Incubation and labeling conditions
Entire seedlings were excised from the surrounding megagametophyte tissue and incubated for 1 h in the dark at 28 "C in incubation buffer (IB) containing 50 mM sodium phosphate (pH 7.0), 1% (w/v) sucrose, and 10 g ml-' chloramphenicol. Afterward, they were incubated in the dark at either 28 or 42 "C for 3 h in IB containing 3.8 GBq [35S]methionine (specific activity 54 TBq mmoll', Amersham, Oakville, ON, Canada). Selection of a temperature of 42 "C to induce a heat-shock response was based on a study with loblolly pine (results not shown), which showed the greatest response at this temperature. The temperature inducing the greatest production of hsp's in the four boreal zone conifers was not determined, but all showed a major response at 42 "C.
Protein extraction and electrophoresis
After labeling, seedlings were rinsed with deionized water and immediately extracted at 4 "C with 0.05 M sodium phosphate (pH 7.5) containing 0.02 M leupeptin (protease inhibitor). Before electrophoresis, one aliquot of the buffer-soluble protein fraction was made to 9.5 M with urea and a second aliquot was diluted with an equal volume of Laemmli buffer containing 5% 2-mercaptoethanol (Laemmli 1970). Radioactivity in the treated buffer-soluble protein fractions was determined by trichloroacetic acid precipitation (Gifford and Bewley, 1984) . Electrophoresis was done in a mini-protein II 2-D cell (BIO-RAD, Mississauga, ON, Canada). Isoelectric focusing (IEF) was done in tube gels containing 1.6% Biolyte 5/7 ampholyte (BIO-RAD) and 0.4% Biolyte 3/10 ampholyte. Respective upper and lower chamber buffers were 20 mM NaOH and 10 mM H3P04. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done in 0.75 mm 12% acrylamide slab gels (Groome et al. 1991) . Following electrophoresis, proteins in the gels were visualized by fluorography (Gifford and Bewley 1984) . Molecular mass determinations were performed as outlined in Weber and Osborne (1969) . Molecular weight markers included the following [14C]methylated proteins; myosin, 200 kDa; phosphorylase-b, 92.5 kDa; bovine serum albumin, 66 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa; and lysozyme, 14.3 kDa (Amersham). Gel fluorographs were quantified by densitometry at 560 run with a Beckman DU-65 spectrophotometer (Beckman Instruments, Mississauga, ON, Canada).
Results
Fluorographs obtained following SDS-PAGE showed that the effect of heat shock on [35S]methionine incorporation into soluble proteins was similar in the three pine species that were studied ( Figure 1A and 17.5 kDa, were observed. Scanning densitometry revealed changes in the pattern of label distribution among protein fractions in response to heat shock. Representative scans for control and heat-exposed lodgpole pine seedlings are shown in Figure 1B . In lodgepole pine, as in the other pine species, heat shock caused a relative decrease in label incorporation into many seedling proteins. The overall reduction of label incorporation into protein as a result of heat shock was about 30% (data not shown). The relative decrease in label incorporation into some fractions can also be seen in fluorographs obtained following analysis of the [35S]-labeled proteins by IEF/SDS-PAGE. Figure 2 shows a fluorograph for lodgepole pine that is representative of those obtained for the other pine species.
Two-dimensional electrophoresis resolved the low molecular weight hsp's into 13 major polypeptides, none of which were present in the control seedlings. These proteins had a range of p1 values between 5.2 and 7.0 (Figure 2 ). Another hsp with a molecular mass of 33.5 kDa and a p1 of 6 was also revealed by this analysis. In addition to the proteins induced by heat shock, eight constitutive proteins showed increased label incorporation after heat shock (Figure 2) , including the 27, 72 and 83 kDa polypeptides identified in the one-dimensional electrophoresis (Figure 1) .
The SDS-PAGE analysis of white spruce and black spruce seedlings showed that heat shock increased label incorporation into six major proteins with molecular masses of 83, 72, 27.2, 19.8, 18.4, 17.2 and 16 .0 kDa ( Figure 3A) . The relative increase in the labeling of these proteins was evident from the gel scans. Figure 3B shows scans of the fluorograph of protein profiles obtained for black spruce seedlings labeled at 28 and 42 "C.
The IEF/SDS-PAGE analysis of the ["?S]-labeled proteins from black spruce seedlings resolved the low molecular weight hsp's into eight polypeptides with pI values ranging from 5.4-7.5 (Figure 4) . Three additional heat-shock-induced polypeptides with molecular masses of 42.5,46 and 52 kDa and pI values of 5.9.5.4 and 6.8, respectively, were also found (Figure 4 ). Heat shock increased label incorporation into eight major proteins (Figure 4 ), including those of molecular mass 27.2,72 and 83 kDa, identified in the one-dimensional electrophoresis (Figure 3) . Similar results were obtained following two-dimensional electrophoresis of [3'S]-labeled proteins from white spruce seedlings. Heat shock reduced overall isotope incorporation into protein of spruce seedlings by about 80% (result not shown).
Discussion
Our results indicate that the heat-shock response of the conifers studied here was similar to that of angiosperms (Mansfield and Key 1987) . Two major high molecular weight hsp's with molecular masses of 72 and 83 kDa were identified. The 72 kDa protein is probably homologous to the ubiquitous hsp70 family (Vierling 1991). Both high molecular weight proteins were synthesized constitutively in low amounts in control tissues, but their synthesis increased during heat shock. Although there is evidence that acquired thermal tolerance in plants is related to increased synthesis of high molecular weight hsp's (Vierling 199 1, Colombo et al. 1992) , the way in which these proteins confer heat tolerance is unknown. Perhaps high molecular weight hsp's stabilize the structure of key cellular proteins, a function comparable to that of the high molecular weight heat-shock cognates that act as molecular chaperones by assisting in protein folding and maturation (Heikkila 1993) .
The low molecular weight hsp's produced by the conifers studied here were more abundant than the high molecular weight hsp's. Resolution of the low molecular weight hsp's by two-dimensional electrophoresis revealed an array of peptides ranging in p1 between 5.2 and 7.5, and in number, from eight in spruce to 13 in pine. To our knowledge, the presence of low molecular weight hsp's has not been demonstrated before in seedlings of pine or spruce and the occurrence of this class of proteins in other gymnosperms is not known. In the angiosperms, however, low molecular weight hsp's have been well characterized, and a recent evolutionary analysis of the C-terminal region of low molecular weight, cytoplasmic hsp's indicates that they appeared, and became diversified, before the separation of monocotyledonous and dicotyledonous plants (DeJong et al. 1993) . The presence of low molecular weight hsp's in conifers suggests that they emerged, and became diversified, before the rise of the angiosperms.
In addition to pine and spruce, low molecular weight hsp's have been found in the embryonic axes of A. aruucalza seedlings (Goycoolea and Cardemil 1991) , where it has been suggested that they play a role in thermal tolerance. Similar conclusions have been made concerning hsp's in other plant tissues, including etiolated soybean seedlings (Lin et al. 1984) . However, the significance of the relationship between low molecular weight hsp's and acquired thermal tolerance is still unknown (Vierling 1991) .
Beside inducible low molecular weight hsp's, there are also constitutive low molecular weight hsp's. Mansfield and Key (1987) reported constitutive hsp's in seedling axes of several angiosperms, and argued that these proteins have essential, though not necessarily identical, physiological roles under both normal conditions and during exposure to elevated temperature.
